Conventional baker's yeast converts sugars in dough into CO 2 and ethanol to a significant extent when the dough is stored for days at 5؇C. We have isolated Csf (cold-sensitive fermentation) mutants of a commercial baker's yeast by a selection method including as the critical step a nystatin treatment to mutagenized cells at 10؇C in the presence of antimycin A. The fermentative activity of mutant strain CSF3 was substantially zero at 5؇C and one-fifth that of the parent at 10؇C but was restored to the same level as the parental activity at 25 to 40؇C. In contrast with the parent, the mutant strain normally produced white bread dough and butter roll dough even after the dough was stored for a week at 5؇C.
Although glycolytic activity decreases with decreased temperature, baker's yeast still ferments in dough even at extremely low temperatures near 0ЊC and converts sugars into CO 2 and ethanol to a significant extent when the dough is stored for days. This makes it difficult to adopt conventional baker's yeast for baking processes in which dough is stored for a long time in a refrigerator before proofing and baking. Therefore, if there were a baker's yeast that hardly ferments sugars under refrigeration but recovers its normal fermentation activity at the proofing stage at room temperature and above, it would be useful for such an improved baking system that includes a refrigerated-dough process. We have isolated mutant baker's yeast strains with a phenotype of cold-sensitive fermentation (Csf mutants) from a commercial baker's yeast (2) . These Cfs mutants produce much less CO 2 gas in dough than does the parental strain at temperatures below 15ЊC and almost entirely cease fermentation at 5ЊC, but the normal fermentation activity is restored when the temperature is raised to 25ЊC or above. Many cold-sensitive mutants of Saccharomyces cerevisiae have been reported (4, 6, 7) , but there have been few reports so far on cold-sensitive fermentation activity. In this report, we describe the isolation and characterization of the Csf mutant and its feasibility for use in an improved baking process.
MATERIALS AND METHODS
Yeast strain. Commercial baker's yeast strain KY5649 (Dia-Yeast YST; Kyowa Hakko Kogyo Co., Tokyo, Japan) was used as the parental strain. The strain is prototrophic, produces no spores, and shows no mating ability.
Media. YPD (1% yeast extract, 2% polypeptone, 2% glucose) was used for cell growth. YP5D is the same as YPD, except that the glucose concentration is raised to 5%. MM-N (0.17% Difco yeast nitrogen base without amino acids and ammonium, 1% glucose) is a nitrogen-free medium. YPG (1% yeast extract, 2% polypeptone, 3% glycerol) was used to exclude respiration-deficient cells. A molasses medium (3% sugar of Indonesian cane molasses, 0.193% urea, 0.046% KH 2 PO 4 ) was used for propagation of cells for the fermentation test in dough. Media were solidified with 2% agar when necessary.
Isolation of Csf mutants. Cells of strain KY5649 were grown in YPD medium for 12 h at 30ЊC, harvested from the culture, and washed with a 0.067 M KH 2 PO 4 solution. The cells were suspended in the same solution at a density of 10 7 cells per ml and irradiated with UV light. Conditions for the UV irradiation were adjusted so that the survival rate would be 1 to 30%. The mutagenized cells were inoculated into 5 ml of YPD and cultivated for 12 h at 30ЊC. After being washed, the cells were transferred to 1 ml of MM-N and incubated for 12 h at 30ЊC so that they would enter the G 1 stage. These cells were inoculated into 0.9 ml of YPD containing 10 M antimycin A (Sigma, St. Louis, Mo.), an inhibitor of respiratory energy metabolism (8) , and cultivated for 36 h at 10ЊC. Nystatin (Sigma) was added at 10 mg/ml to this culture, the mixture was incubated for a further 2 h at 10ЊC, and the cells were collected, washed, and plated on YP5D agar. Survival rates after the nystatin treatment ranged from 0.01 to 0.05%. Some fractions of colonies grown on the YP5D plate at 30ЊC were isolated with toothpicks and dotted onto YPG plates. After 24 h of cultivation at 30ЊC, these colonies were overlaid with a soft dye agar (0.02% bromcresol purple, 10% sucrose, 0.5% yeast extract, 1% polypeptone, 1% agarose). After 6 to 12 h, colonies of the wild-type strain turned yellow even at 5ЊC, but those of the Csf mutants remained dark purple, although they turned yellow within 2 h when transferred to room temperature.
Yeast cells for dough making. The yeast cells were grown with vigorous shaking for 24 h at 30ЊC in 300 ml of the molasses medium in a 2-liter Erlenmeyer flask with baffles, harvested, and washed twice with deionized water. The washed cells were placed on a porous plate (Nippon Kagaku Togyo Co., Osaka, Japan) for dehydration. The moisture content of the cells fell to a nearly constant level of 67% after 5 min of dehydration.
Amount of gas produced in dough. The gas produced in the dough consists chiefly of CO 2 and also contains water and ethanol vapor. The exact composition was not measured in this experiment. The volume (milliliters) of gas produced from 35.4 g of dough containing 0.6 g of wet yeast (67% moisture) was measured for 2 h at defined temperatures by using the Fermograph (Atto Co., Tokyo, Japan). The volume was normalized to standard conditions (30ЊC, 101.29 kPa). The dough formula was as follows: 100 parts of flour, 15 parts of sugar (sucrose), 1.2 parts of salt (NaCl), 58 parts of water, and 3 parts of yeast cells (wet weight). The dough was mixed in a mixer (National Manufacturing Co., Lincoln, Nebr.) for 2 min and incubated for 45 min at 30ЊC and 80% relative humidity before being divided into pieces (35.4 g each).
To store dough under refrigeration, each piece of dough was placed for 3 h at 10ЊC and then for 7 days at 0 to 5ЊC. When gas production was examined after storage, the refrigerated dough was warmed for 30 min at 30ЊC and 80% relative humidity and degassed by hand before the volume of gas was measured at 30ЊC with the Fermograph. Gas production was also measured in 30 g each of white bread dough and butter roll dough (described below) before and after the dough was stored for 7 days at 5ЊC.
Baking. The formula for white bread dough was as follows: 100 parts of strong flour (Yacht; Nihon Seihun, Co., Tokyo, Japan), 5 parts of sugar, 2 parts of salt, 5 parts of shortening (Chester; Asahidenka Kogyo, Co., Tokyo, Japan), 0.1 part of a yeast food (Pan Dia C-500; Kyowa Hakko Kogyo Co.), 2 parts of yeast cells, and 66 parts of water. Mixing was performed at 28ЊC with a dough mixer (mixer C-10; Kanto Kongoki Kogyo, Co., Osaka, Japan) for 3 min at 100 rpm, for 6 min at 190 rpm, and finally for 5 min at 290 rpm. Then the dough was divided into pieces (450 g each) and stored at 5ЊC for 7 days. The refrigerated dough was placed on a bench for 15 min at room temperature, re-formed with a molding machine (Akume-3; Aikosha Seisakusho, Co., Saitama, Japan), proofed for 75 min at 40ЊC and 90% relative humidity, and baked for 25 min at 220ЊC. The volume (milliliters) of bread was measured by a rapeseed replacement method, and the specific volume (milliliters per gram of bread) was calculated.
The formula for butter roll dough was as follows: 80 parts of strong flour, 20 parts of weak flour (Hart; Nihon Seihun Co.), 10 parts of sugar, 1. at 290 rpm. After fermentation for 60 min at 28ЊC, the dough was divided into pieces (45 g each), placed on a bench for 15 min at room temperature, molded, and stored for 7 days at 5ЊC. The refrigerated dough was baked for 12 min at 210ЊC after proofing for 40 min at 36ЊC and 85% relative humidity.
Pulsed-field gel electrophoresis. Contour-clamped homogeneous electric field gel electrophoresis of chromosomal DNAs was performed by the method of Chu et al. (1) with a CHEF-DRII (Bio-Rad Laboratories, Richmond, Calif.).
RESULTS
Isolation of Csf mutants. After being treated with nystatin at 10ЊC, the cells were spread onto YP5D plates. From colonies grown on the plates, 115 strains were isolated at random to see if they had developed cold sensitivity of fermentation on the dye plates, where colonies of the parental strain changed color from dark purple to yellow after 6 to 12 h at 5ЊC. Of 115 isolates, 10 were candidates for the Csf mutants, because they did not change color after 12 h at 5ЊC but did change color in 1 h when the dye plates were placed at room temperature. The 10 candidates were further tested with the Fermograph for their fermentative activity in dough at both 5 and 30ЊC, and 8 strains were finally selected as the Csf mutants. The representative strain of the Csf mutants was strain CSF3.
Characterization of CSF3. (i) Electrophoretic karyotype.
The karyotype of the mutant strain CSF3 was compared with that of the parental strain KY5649 by pulsed-field gel electrophoresis. There was no difference in either the mobility pattern or the band intensity of each chromosomal DNA between the parent and the mutant (data not shown). The other properties such as prototrophy, inability to mate and lack of spore formation were also indistinguishable in these strains.
(ii) Growth in the presence of antimycin. Mutant cells with the Csf phenotype might grow at high temperatures even if antimycin is present but might be unable to grow when they are cultured at lower temperatures since they can probably acquire no energy through either fermentation or respiratory metabolism. To ascertain this, the growth of CSF3 and KY5649 in YPD medium containing 10 M antimycin A was compared at 10 and 30ЊC (Fig. 1) . When cultured at 30ЊC, CSF3 cells grew as fast as the parent cells did and reached the same plateau level in 24 h. When cultured at 10ЊC, however, CSF3 cells showed little growth even after 96 h, while the parental cells grew and reached maximum growth in 72 h. Growth of these strains was also compared in the absence of antimycin. There was little difference in the growth rates of the two strains at 30ЊC, and they reached their maximal levels in 24 h, which were more than three times higher than those of cells in the presence of antimycin. In the absence of antimycin, however, CSF3 cells could apparently grow at 10ЊC, even though the growth rate was much lower than that of KY5649 cells.
(iii) Cold sensitivity of fermentation. The fermentative activity of strains CSF3 and KY5649 in dough was compared at 0 to 40ЊC. The amounts of gas generated by 1 g of yeast in dough in 2 h are shown in Fig. 2 as a function of temperature. The results show that although the mutant had almost the same fermentative activity as the parent at 25 to 40ЊC, it had one-third or less of the activity of the parental strain at lower temperatures (below 15ЊC). This finding indicates that the fermentative activity of the mutant was cold sensitive.
Gas production from dough after storage under refrigeration. Each piece of dough was stored at 0, 2.5, or 5ЊC for 1 week. Dough containing the parent strain expanded greatly during storage, and the volume after 3 days at 2.5ЊC was several times larger than that of dough containing the mutant. After the refrigerated dough was warmed at 30ЊC for 30 min and degassed, gas production in dough at 30ЊC was measured. As a control, gas production was measured in dough without refrigeration. The results show that both KY5649 and CSF3 produced similar amounts of gas (243.0 and 246.5 ml/g of yeast/2 h, respectively) in the control dough. After 1 week of storage at 0, 2.5 or 5ЊC, KY5649 reduced gas production to 86, 74, and 10%, respectively, of that in the control dough. However, CSF3 maintained gas production at 88, 87, and 84%, respectively, of that in the control dough under the same conditions.
Feasibility of using the Csf mutant in an improved baking process. White bread dough was stored for 1 week at 5ЊC, and after being molded and proofed, it was baked for 25 min at 220ЊC. The amounts of gas produced in 30 g of dough were measured for 2 h at 30ЊC before and after storage. Before storage, both the parent and mutant produced almost the same amounts of gas, but after 1 week of storage the amounts produced by the mutant were 2.5 times larger than those produced by the parent ( Table 1 ). The specific volume of baked bread was also much larger with the mutant than with the parent. The dough containing the parent yeast expanded severalfold during 1 week of storage, while that containing the mutant maintained almost the same volume as the initial one. Bread containing strain KY5649 had a pale crust like pizza and a dense crumb with an odd or irritating flavor when baked after molding and proofing while bread containing the mutant was normal in appearance, texture, and flavor.
Butter roll dough was stored at 5ЊC for 7 days before being proofed and baked. Gas generation from the dough was examined before and after storage. The amount of gas decreased during storage, but the decrease was much quicker in dough containing the parent strain ( Table 1 ). The specific volume of butter rolls was larger in dough containing the mutant than in dough containing the parent. Baked rolls containing the mutant yeast were as normal as commercial ones, but those containing the parent appeared pale and lean.
DISCUSSION
The selection method for Csf mutants presented in this study is based on the idea that the mutant cells might be unable to grow at lower temperatures if their respiratory energy metabolism is blocked by antimycin. This was demonstrated, as shown in Fig. 1 . Since resting cells are likely to survive killing by nystatin (3), the nystatin treatment at 10ЊC in the presence of antimycin would be effective at raising the ratio of Csf cells as a result of selective killing of wild-type cells that are growing. The fermentative activity of CSF3 was substantially zero at 5ЊC and was one-fifth or less of that of the parent at below 10ЊC, but was normally restored at 25 to 40ЊC to the same level as that of the parent. We tentatively called this characteristic Csf (cold-sensitive fermentation). It is noteworthy that few mutants which fermented poorly at both lower and higher temperatures were isolated. This is probably because such fermentation-impotent cells can grow only slowly and if present, would be selected against during cultivation at 30ЊC in the isolation steps.
KY5649 produced only bread with a smaller specific volume and a pale crust like pizza when the dough was baked after storage under refrigeration. Conventional baker's yeast such as KY5649 ferments dough even at 5ЊC and gradually convert sugars into CO 2 and ethanol. The metabolic activity of these strains in refrigerated dough must negatively affect the quality of the bread. The consumption of glucose and fructose in dough decreases the generation of gas during proofing and also the browning of the crust during baking. An excess production of metabolites is likely to deteriorate the flavor. Expansion of dough under refrigeration is undesirable, because more storage space is needed. The Csf property of baker's yeast can overcome all these problems and is crucial for the baking system, including a refrigerated-dough process.
The growth of CSF3 cells at 10ЊC was much slower than that of the parental cells even in the absence of antimycin (Fig. 1) . This is because the mutant cells have a cold-sensitive step in the glycolytic pathway or a cold-sensitive sugar transportation system. Preliminary data from a rare-mating technique suggested that the Csf phenotype was controlled by a recessive gene (data not shown). Cloning of the csf gene is now in progress in our laboratory. The molecular and further physiological data will be reported elsewhere.
One of the Csf mutants has been used in Japan for the commercial production of Danish pastries or butter rolls in a refrigerated-dough process. The strain has been deposited at the Fermentation Research Institute, Agency of Industrial Science and Technology, Ibaragi, Japan, under the Budapest Treaty and has been given the number FERM BP-3871. Recently, Osinga (5) reported some cold-sensitive glycolysis mutants of X2180-1B, a laboratory strain of S. cerevisiae, but there have been no data on their fermentative activity in dough or their application to bread making. a The volume of gas produced at 30ЊC in 30 g of dough was measured and reported on the basis of 1 g of yeast.
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